Many conserved protein-coding core genes are single copy and evolve faster, and thus are more 24 resolving phylogenetic markers than the standard SSU rRNA gene but their use has been 25 precluded by the lack of universal primers. Recent advances in gene targeted assembly methods 26 for large shotgun metagenomes make their use feasible. To evaluate this approach, we compared 27 the variation of two single copy ribosomal protein genes, rplB and rpsC, with the SSU rRNA 28 gene for all completed bacterial genomes in NCBI RefSeq. As expected, among pairwise 29 comparisons of all species that belong to the same genus, 94.9% and 91.0% of the pairs 30 of rplB and rpsC, respectively, showed more variation than did their SSU rRNA gene sequences. 31
Abstract: 23
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We used a gene-targeted assembler, Xander, to assemble rplB and rpsC from shotgun 32 metagenomic data from rhizosphere samples of three crops: corn (annual), and Miscanthus and 33 switchgrass (both perennials). Both protein-coding genes separated all three communities 34 whereas the SSU rRNA gene could only separate the annual from the two perennial communities 35 in ordination analyses. Furthermore, assembled rplB and rpsC yielded significantly higher 36 numbers of OTUs (alpha diversity) than the SSU rRNA gene. These results confirm these faster 37 evolving marker genes offer increased resolution of for comparative microbiome studies. 38 39
Introduction: 40
Shaped by 3.5 billion years of evolution, microorganisms are estimated to comprise up to one 41 trillion species and the majority of genetic diversity in the biosphere (Locey and Lennon 2016) . 42
Our understanding of this diversity is limited by the magnitude of extend species, and that the 43 majority are yet to be cultured and their physiology or functions characterized. Since the 44 pioneering work of Carl Woese in the late 1970s, the small subunit (SSU) rRNA gene has been 45 the dominant marker used in microbial community structure analyses (Woese and Fox 1977 ; 46 Lane et al. 1985 ; Huse et al. 2008; Caporaso et al. 2012) . Although it has advanced our 47 understanding of the microbial world, it does have important limitations, namely that it is highly 48 conserved and that there are usually multiple copies, and some with intra-genomic variations, 49 making this gene problematic for taxonomic identification at species and ecotypes levels and, in 50 some cases, incapable of reflecting community distinctions at ecologically meaningful levels 51 Further, the above OTU tables were loaded into R, singletons were removed, and all samples 144
were rarefied to the sample with the least total read number using "rrarefy" in vegan package 145 (Oksanen et al. 2015) . Diversity analyses were done with the vegan package using function "rda" 146
for ordination with Bray-Curtis distance index, "diversity" for Shannon diversity, "estimateR" 147 for Chao1 species richness, and "specnumber" for OTU number, from the OTU (count) tables 148 (details in https://github.com/jiarong/2016-rplB). For alpha diversity comparisons among genes, 149 all samples were subsampled to 1200 sequences. 150
To assess how many potential target gene reads of rplB and rpsC were assembled by Xander, 151
we did a six-frame translation of the short reads (nucleotide sequences) into protein sequences by 152 transeq in EMBOSS tool (Rice, Longden and Bleasby 2000). We then searched HMMs against 153 the protein sequences and the hits with bit score > 40 (e-value < 6.2 * 10 -6 ) were treated as reads 154 from the target gene. In addition, "*_match_reads.fa", a collection of reads that share a k-mer 155 (k=45) with assembled sequences, output from Xander, provided the reads assembled by Xander. 156
Then we compared the fold coverage of reads found by hmmsearch and reads used by Xander, by 157 estimating fold coverage of each read with median kmer coverage using khmer package (Brown 158 et al. 2012; Crusoe et al. 2015) . 159
Results: 160
A total of 4,457 of complete bacteria genomes (genome as one sequence) were downloaded, 161 and 4,440 of them have all three genes. SSU rRNA gene copy number ranged from 1 to 16 with a 162 mean of 4, and rplB and rpsC are single copy in 99.9% of genomes (Table S2) . When evaluating 163 intra-genomic variation among copies of SSU rRNA genes in completed genomes of R. 164 leguminosarum, P. putida and E. coli, E. coli had the largest variation with a minimum of 95.4% 165 identity (Fig. S1) . 166
For the selected taxa, Rhizobiales, Pseudomonadales, Rhizobium, and Pseudomonas, rplB 167 and rpsC had similar variations and both had larger variation among the genomes than SSU 168 rRNA genes within their corresponding order (among genera), and genus (among species) ( Fig. 1  169 and 2). When comparing all species of completed genomes that belong to the same genus, we 170 found SSU rRNA gene has an identity range of 63.2% to 100.0% and a median of 95.2%, rplB 171 has an identity range of 43.2% to 100.0% and a median of 87.2%, rpsC has an identity range of 172 46.0% to 100.0% and a median of 90.3%. Between rplB and SSU rRNA gene, 88,993 pairs 173 (94.9% of total) had larger variation in rplB, 3,573 pairs (3.8%) had larger variation in SSU 174 rRNA gene, and 1,167 pairs (1.2%) had the same variation (Fig. 3A) ; Between rpsC and SSU 175 rRNA gene, 77,885 pairs (91.0% of total) had larger variation in rpsC, 6,074 pairs (7.1%) had 176 larger variation in SSU rRNA gene, and 1,622 pairs (1.9%) had the same variation (Fig. 3B) ; 177
Between rplB and rpsC, 54,755 pairs (63.7%) had larger variation in rplB, 28,393 pairs (33.0%) 178 had larger variation in rpsC gene, and 2,808 pairs (3.3%) had the same variation for rplB and 179 rpsC (Fig. 3C) . 180
We compared SSU rRNA genes (V4) with rplB and rpsC to test the ability of shotgun data to 181 resolve community differences among plant rhizospheres. We chose these two genes as they had 182 a suitable length for Xander assembly (~ 660bp for rpsC and 830bp for rplB), were long enough 183 for resolving power, and had HMMs that were both specific and sensitive for fragment recovery 184 due to their uniqueness in sequence as parts of the ribosome. Both have also been used as 185 phylogenetic markers in other shotgun metagenomic studies (Hug et al. 2013; Sharon et al. 186 2015) . On average, 0.04% of total reads were identified as SSU rRNA gene fragments and 187 0.004% of total reads aligned to the 150 bp of V4 region of the gene with SSUsearch (Guo et al. 188 2015) . Another 0.01% and 0.008% of total reads were identified as rplB and rpsC, respectively, 189
by Xander (Table S3 ). The assembled sequences (using a (Table S4 ) and have much higher fold coverage than 194 the rest of reads in hmmsearch hits (excluding shared reads with Xander) ( Figure S2) . 195
Beta diversity analyses of all three genes showed that the rhizosphere communities of the 196 annual crop, corn, were different from those of the two perennial grasses, Miscanthus and 197 switchgrass, but only rplB and rpsC distinguished the communities of the two perennial grasses 198 (Fig. 4) . This was true whether the analysis was at the nucleotide or protein level. The alpha 199 diversity of the corn rhizosphere communities was significantly lower than those of Miscanthus 200 and switchgrass rhizospheres by all three measures except for Chao1 index with rpsC and SSU 201 rRNA gene (Fig. 5) . When comparing among genes, the numbers of OTUs from rplB and rpsC 202 were also significantly higher than from the SSU rRNA gene (Fig. 5) . Since SSUSearch returns 203 shorter fragments (~100bp to 150bp) than Xander assembled genes (~ 450bp to 849bp), we also 204 evaluated whether the longer fragments of SSU rRNA from amplicon data (~ 250 to 300 bp), 205 could distinguish the two perennial grass communities, and they could not (Fig. 4) . 206 207
Discussion: 208
We confirmed the advantages of rplB and rpsC over the SSU rRNA gene as a more resolving 209 phylogenetic marker using updated large genomic data (~4500 complete genomes) (Fig. 1, 2 and  210 3). We also demonstrated that rplB and rpsC can be assembled from large shotgun metagenomes 211 and showed that they provided higher community resolution by separating Miscanthus and 212 switchgrass rhizosphere samples while the SSU rRNA gene did not (Fig. 4) . The two perennial 213 grasses would be expected to have more similar microbiome than the annual since the latter is re-214 established each year while the fibrous perennial grass roots are more similar and not physically 215 disturbed annually and thus do not have full regrowth at a new random site each year. 216
In large genomic data analyses, rplB and rpsC show advantages in following three aspects: 217 First, SSU rRNA gene, a multiple copy gene, poses difficulties for interpreting species 218 abundance, while rplB and rpsC do not have the same issue as it is single copy genes in > 99.9% 219 of complete genomes (Table S2) . Additionally, variations among multiple SSU copies can cause 220 multiple OTUs (sequence clusters) from the same species ( Figure S1 ) and thus leads to 221 overestimation of species richness (31). Since a single copy of the rplB and rpsC genes is 222 contained in every cell in a community, the abundance of rplB and rpsC gene sequences provides Second, rplB and rpsC are better able to differentiate closely related species based on their 227 lower sequence identities compared to the SSU rRNA gene in pairwise comparisons among 228 genomes ( Fig. 1, 2, and 3) . This is consistent with the crucial role SSU rRNA plays in translation 229 (ensuring translation accuracy) (Carter et al. 2000) , also confirmed by another study showing 230 SSU rRNA genes (along with LSU rRNA genes, tRNA and ABC transporter genes) to be the 231 most conserved genes (Isenbarger et al. 2008) . 232
Third, SSU rRNA genes in genomes are also more prone to assembly errors (chimera) than 233 single copy genes due to their higher overall nucleotide identity and the presence of highly 234 conserved regions interspersed in SSU rRNA genes (Miller 2013 OTU distance cutoff could also impact community analyses in our comparison. We used a 262 distance cutoff of 0.05 for rplB and rpsC since that is the cutoff recommend (22) (and we used) 263
for SSUSearch, We used the standard, and more resolving 0.03 cutoff for the SSU rRNA gene 264 amplicon data, but it showed less community resolution than rplB and rpsC indicating that our 265 cutoff is appropriate and fairly evaluating the comparison (S1 text). 266
We did not attempt assembling the SSU rRNA gene because: i) as noted above, the 267 only been tested with low diversity, mock community data and does not report abundance 273 information (Yuan et al. 2015) . 274
We chose two protein-coding genes to ensure that our results were not gene specific, and both 275 gave very similar results at both the nucleotide and protein levels. At least from extensive 276 completed genomes, more than 99% of these two genes are single copy, making quantitative 277 (ratio) comparisons with other genes consistent. For future use, rplB might have a slight 278 advantage over rpsC since it is longer, about 830 bp on average vs. 660 bp of rpsC (Fish et al. 279 2013), providing a bit more resolving power, which is consistent with results in genome 280
comparisons showing rplB has lower median sequence identity than rpsC (Fig 3) . 281
Besides higher resolution in de novo OTU related analyses, it is of course possible to do 282 taxonomy related analyses by finding the best match to the assembled sequence of these marker 283 genes in reference databases and potentially finer taxonomic resolution than provided by SSU 284 rRNA. But, the reference databases of rplB and rpsC are mostly from sequenced genomes and 285 hence are very unbalanced and incomplete compared to SSU rRNA gene databases (Quast et al. 286 2013; Cole et al. 2014; Wang et al. 2015 ) so this use is not generally beneficial at this time. 287
Although the sequencing depth needed varies depending on community diversity, we provide 288 an estimate based on our rhizosphere soil samples as a guide. The reads from rplB are around 289 0.01% of total (Table S3) . Assuming a fold coverage of 3000 of rplB for each sample, to be 290 comparable to 3000 amplicons in planning amplicon-based studies, one needs about 25 Gbp 291 (3000 * 830 / 0.01%) of shotgun metagenome (830 bp is the average gene length of rplB). The 292 major requirement for using this method beyond sufficient shotgun sequence depth is an access 293 to a high performance computer since large memory (> 250 Gb recommended for soil samples) is 294 needed for the deBruin graph (the most memory and cpu consuming step) to run Xander. 295
However, once one has the deBruin graph, it can also be used to assemble other genes of interest 296 (Wang et al. 2015) . 297
298

Conclusion: 299
We demonstrated that rplB and rpsC, single copy protein coding genes can provide finer 300 resolution of taxa and hence better distinguish among communities than the more commonly 301 used SSU rRNA gene and also provide finer scale de novo OTU diversity analysis. This method 302 does require shotgun sequence of sufficient depth, so is currently more costly than amplicon 303 based analyses, but as sequencing costs decline, capacity and access increase, and read length and 304 genome reference databases grow, single copy protein coding genes such rplB and rpsC have the 305 potential to complement or even replace the SSU rRNA gene as a phylogenetic marker and better 306 reflect the ecology of microbial communities. 307 Shannon, and OTU number) using large soil metagenome sequence. The labels with suffixes 558 "_n" and "_p" means assembled nucleotide and protein sequences by Xander respectively; those 559 with suffixes "_am" and "_sg" are SSU rRNA gene from amplicon data and shogun data 560 respectively. All genes show that the microbial community of the corn (C) rhizosphere has 561 significantly less alpha diversity than those of Miscanthus (M) and switchgrass (S) except for 562 rpsC and SSU rRNA gene with Chao1 index (p < 0.01). Wilcoxon test was used to compare 563
SSU_sg against each of the other genes including rplB_n, rplB_p, rpsC_n, rpsC_p and SSU_am. 564
For Chao1 index, rplB_n and rpsC_n show significantly higher abundance than SSU_sg in 565
Miscanthus and switchgrass; For Shannon index and OTU number, rplB_n and rpsC_n show 566 significantly higher abundance than SSU_sg in all three crops ("***" is p < 0.001, '**' is p < 567 0.01, '*' is p < 0.05, "ns" is p > 0.05). 568 569 570
